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Abstract 
The paper interprets a case-history of rainfall-induced flow-like landslide in pyroclastic soils by adopting different approaches 
inmodelling the boundary value problem. In particular, two adopted approaches take into account both rainfall and evaporation 
effects, while the simplest one disregards the phenomenon and considers only the effects of the rainfall-history. The work shows 
how increasing model complexity in accounting for most of influencing meteorological factors permits predicting a more 
pronounced hydrological singularity at the landslide time.  
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1. Introduction 
The ingredients of the predictive models adopted for early warning of rainfall induced landslides have to mediate 
between two contrasting needs. The first is the rapidity of the prediction, compulsory to eliminate people exposure 
and typically involving model simplifications. The other one is the prediction accuracy, needed to minimize false 
and missed alarms and that would conversely require accounting for all influencing factors. An effective strategy 
that may be followed in performing at best the predictive tool is based oncalibration of model ingredients in the 
context of the interpretation of well-documented case-histories. 
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In silty pyroclastic covers placed in slope, the chain of main phenomena that, from the beginning of a 
hydrological year, concur in inducing a flow-like landslide are, nowadays, quite clear: precipitations infiltrate the 
cover over time, reducing progressively suction levels; suction vanishing throughout the cover determines then a 
predisposing state for triggering. This predisposing state in terms of suction distribution has been found to be 
induced by an exceptional, persistent precipitation event, lasting several hours, following a prolonged wet period of 
several months1-3 (Figure 1). 
 
 
Fig. 1. Sequence of phenomena. 
Over an effective meteorological window lasting several months, persistent evaporation or evapotranspiration 
phenomena, even if not intense, may cumulate in significant amounts, so to play a key role in contrasting rainfall 
infiltration effects. Modelling the problem by neglecting evapotranspiration is usually considered time-saving and 
conservative, since evaporation extracts water from the soil increasing suction. The question naturally arises whether 
prediction accuracy significantly reduces by neglecting evaporation so that too much false alarms are in this way 
generated. The present work attempts to answer this question by comparing results yielded by different models, 
accounting and not accounting for evaporation, in the context of the interpretation of a well-documented case-
history. 
2. The case-history 
The Lattari chain is the backbone of the Sorrentine Peninsula which bounds the south side of the Bay of Naples. 
Such calcareous mountains have been mantled by air-fall deposits from Somma-Vesuvius eruptions during the last 
10,000 years. Such pyroclastic covers are periodically mobilized by rainfall. After a killer event occurred in 1997, a 
meteorological station was installed at the foot of the hill slopes rising behind NoceraInferiore. Hourly records of 
different meteorological variables are available between 1January 1998 and 31May 2009. Precipitations, temperature 
and relative humidity data allow to account for rainfall intensity and potential evaporation effects in predicting the 
hydrological state evolution of pyroclastic covers. This reference time period includes 28 rainfall events with daily 
cumulative values at least equal to minimum observed in previous landslide events in the area (see Figure 2).  
The first rainfall event induced the catastrophic Sarno debris flow4 only 8 km far from the rain-gauge site. Event 
no. 15 triggered a flowslide in the afternoon of 4th March, 2005 (16.00 h), on the northern slope Mt. Sant’Angelo di 
Cava, upslope of the town of NoceraInferiore (Figure 3), hundreds of meters from the rain gauge. The cumulative 
rainfall height in the last 24 hours (h24) and the 2 months were respectively 149 and 540 mm: in particular, the first 
one results the heaviest recorded daily rain since 1950 (at the end of the same day, rain heights approached 200 mm). 
It is worth mentioning that the 2005 NoceraInferiore flowslide is a unique case for which a meteorological station 
is placed only a few hundreds of meters away from the centre of the landslide making availablethe actual rain history 
leading to a landslide in pyroclastic soils. The landslide affected a triangular shaped area of 24,600 m2 and a soil 
mass of 33,000 m3 covering a 36° open slope (Figure 3). In the uppermost part of the landslide, where the slope 
angle is almost 39° 5, the pyroclastic cover is made up of 2 m thick loose non-plastic silty sand (volcanic ash). 
Locally, pumice lenses are interbedded in the cover. The bedrock consists of a highly fractured limestone located at 
a depth ranging from 1 to 2 m. It presents some parallel morphological steps, normal to the direction of the slope, 
which are revealed by the same profile of the ground surface. 
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The landslide was probably triggered in the uppermost part of the slope, spreading downward. The rapid post-
failure movement caused the death of three people whose house was destroyed by the impact of the soil mass which 
then covered a wide area (20,000 m2) at the toe of the slope (Figure 3c). At the same time, two smaller landslides 
occurred less than 1 km from the main one. On the other side, other hillslopes with the same geomorphological 
features remained stable, revealing the importance of local factors in the triggering of a landslide. 
 
 
Fig. 2. Highestprecipitation events monitored in NoceraInferiore during the period 1998–2009 (after Pagano et al1). 
 
Fig. 3. The NoceraInferiore 2005 debris flow: a) the debris flow area 11 months before the event; b) the debris flow area 1 month after the event; 
c) damage induced by the debris flow (after Pagano et al1). 
3. Models adopted for early warning prediction 
Meteorological variables recorded for the NoceraInferiore case-history have been turned into hydrological soil 
variables related to slope stability conditions, suction and water storage, by adopting three different models. For 
these models common simplified assumptions are represented by one-dimensional flow through a two meters 
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thickunsaturated layer, rainfall records acting with a hourly resolution at the top-boundary, a seepage surfaceacting 
at the bottom boundary. The seepage surface is simulated by assuming a null water flow rate as far as a negative 
pore water pressure is computed at the interface and a null pore water pressure when this tends exceeding zero. 
The first and simplest approach is based on Richards equations6 and neglects evaporation. The second one is 
again based on Richards equations and incorporates evaporation as boundary phenomenon only (in the following it 
will therefore be addressed as “boundary evaporation model”). The third model schematizes both liquid and vapor 
water flow by accounting for hydrothermal coupling and incorporates evaporation as both boundary and internal 
phenomenon (in the following it will therefore be addressed as “internal evaporation model”). In this work 
transpiration effects have been neglected.  
In the two last approaches, evaporation has been quantified according to the approach suggested by Wilson et al7, 
based on estimation of potential evaporation by FAO approach8reduced according surface suction levels. 
Of course, the internal evaporation model is the most general and complete among the three mentioned.In fact, it 
requiresas the calibration of the hydraulic properties (soil water characteristic curve and permeability function), 
already adopted by the previous ones, as the calibration of thermal properties (soil thermal conductivity and the 
volumetric specific heat). 
4. Model calibration 
Soil parameters have been quantified by referring to data provided by a physical model. Its design was driven by 
the idea to merge essential benefits of field monitoring with those of laboratory tests. Layer thickness and evolution 
of atmospheric variables were typical of the field environment, while full control of boundary conditions and soil 
homogeneity were typical of laboratory conditions.  
Following this approach, 1 m3 of material, forming a 0.75 m thick layer, was exposed to the atmosphere (Figure 
4) under one-dimensional flow conditions2,3. The adopted thickness is less than that involved in the NoceraInferiore 
flowslide, but in any case representative at full scale of several soil cover thicknesses involved in flowslide 
phenomena. One-dimensional flow conditions can be considered fairly close to those occurring in real slopes, in the 
common context constituted by silty pyroclastic cover overlying layer suitable to ensure drainage under saturated 
flow conditions. This feature was discussed and proved elsewhere1,9 both experimentally, by interpreting suction 
monitoring data, and theoretically. 
 
 
Fig. 4. The physical model: (a) picture of the physical model; (b) vertical section of the physical model (modified after Rianna et al2,3). 
A wooden tank made of 3 cm thick boards, placed on a metallic base, constitutes the structure of the physical 
model. The tank is a parallelepiped of square horizontal section (1.15 x 1.15 x 0.75 m).  
The pyroclastic soil placed in the physical model is a non-plastic air-fall ash taken from the MonteforteIrpino 
site. Mechanical and hydrological behaviour were extensively investigated through laboratory tests10,11 and field 
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monitoring of soil suction and water content12. The soil air entry value is between 3 and 7 kPa, the residual water 
content around 25%-30% for suction values exceeding 100 kPa(Figure 5a). The saturated permeability is slightly 
less than 10-6 m/s; it rapidly decreases as the soil desaturates by up to fiveorders of magnitude (k=10-11 m/s) for 
suction equal to 100 kPa (Figure 5b).  
It is worth mentioning that the grain-size distribution of the MonteforteIrpino ash (Figure 5c) is very similar to 
that of other air-fall ashes, including that of NoceraInferiore which was involved in the 2005 flowslide and those of 
Sarno13. 
 
Fig. 5. Properties of the MonteforteIrpino air-fall volcanic ash (modified after Papa et al11 and Pagano et al1): (a) water retention curves; (b) 
hydraulic conductivity function; (c) grain-size distribution compared with that of the NoceraInferiore volcanic ash. 
The material is cohesionless and the strength is provided by a friction angle of 39°. This soil, like most silty soil 
deposits, may often be found in unsaturated conditions down to the depth of a few metres. The field porosity of 
unaltered material involved in the NoceraInferiore flowslide of 2005 (70% or higher) was reproduced by placing the 
layer through the pluvial deposition technique. Soil placement was carried out by generating with a fill funnel a 
pyroclastic fall of previously oven-dried and disaggregated material14. 
The layer is subjected to the following boundary conditions:  
- lateral boundaries are impervious; 
- water flows at the uppermost surface are generated by natural atmospheric conditions; 
- the tank base is holed, thus thelowermost surface behaves as a seepage surface.In order to prevent soil erosion 
during downward seepage, a geotextile is interposed between the soil layer and the holed tank base: from a 
hydraulic viewpoint this geotextile behaves as a capillary barrier that breaks, leading to drainage, at atmospheric 
pressure.  
The physical model is extensively instrumented to monitor (Figure 4):  
-meteorological forcing, that are the fluxespotentially generated by the atmosphere across the layer surface (total 
rainfall and potential evaporation);  
- actual fluxes effectively generated by meteorological forcing across the layer surface due to limitation imposed 
by topsoil conditions (infiltrated precipitation and actual evaporation);  
-volumetric water content, matric suction, temperature. 
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Some soil properties have been quantified straightforwardly from measurements. Figure 6 plots pairs of suction 
and water content values monitored at the depth of 15 cm from the ground level by jet-fill tensiometers and TDR 
probes, respectively. Monitored data were selected during drying paths along the dry branch of the soil water 
retention curve.  
 
Fig. 6. Pairs of suction and water content measurements monitored at the depth of 15 cm from the ground level. 
In a similar way, the thermal conductivity was derived from the heat dissipation probe and TDR measurements. 
Other soil properties have been obtained from the back-analysis of the observed behavior. In particular, the 
volumetric specific heat and hydraulic conductivity have been quantified through the best-fitting of water storage, 
suction (Figure 7a) and temperature (Figure 7b) obtained by adopting the internal evaporation model. 
 
 
Fig. 7. Suction (a) and temperature (b) evolution measured and obtained by adopting the internal evaporation model at the depth of 15 cm from 
the ground level. 
5. Results and discussion 
The results yielded by the two models incorporating evaporation in the interpretation of the case-history are 
plotted in terms of suction evolution predicted at 1 meter of depth (Figure 8) and obtained as a numerical turning of 
the meteorological variables recorded at the NoceraInferiore site. By enlarging the scale and looking only at low 
suction values, in order to isolate and highlight suction drops, worth noting is that a minimum in suction value is 
returned by both models at the landslide time(March, 4th, 2005). Concerning the prediction obtained through the 
internal evaporation model, the suction at the landslide time is effectively the lowest value calculated during the 10 
years reference period. It can so be stated that prediction in this case well recognizes a singularity in the hydrological 
response of the cover at the landslide time. With regard to the boundary evaporation model, Figure 8 shows that the 
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lowest suction value is again calculated at the landslide time, but differences with peaks predicted in other years are 
in this case not so relevant as in the previous case.It should be stressed that in hydrologic years, during which the 
suction is lower than 10 kPa,cumulative rainfall values are substantially higher than cumulative potential evaporation 
ones. 
Figure 9 shows that the suction yielded at the landslide timeby the simplest model neglecting evaporation lossesis 





Fig. 8. Suction evolution predicted at 1 meter of depth by adopting the internal evaporation model and the boundary evaporation model (at the 




Fig. 9. Suction evolution predicted at 1 meter of depth by neglecting evaporation. 
6. Conclusions 
It can be stated that three different models adopted in the analysis of a case-history all recognize a singularity in 
the hydrological response of the cover at the landslide time. In this sense, all models, if adopted as predictive models 
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for early warning, would have provided an alarm at thelandslide time. However, it also resulted clear how an 
increase in model complexity and completeness would however have resulted into a significantly lower number of 
false alarms. 
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